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Abstract
The genes for prollne degradation (out) are Induced by growth 
in media containing prollne. This raises the question: how does Si 
tvhimurlum avoid a futile cycle with prollne biosynthesis and prollne 
accumulation due to osmotic stress? To answer this question, i 
studied the regulation and the enzymatic activity of the put gene 
products under conditions which Increase the intracellular proline 
pools. The results indicate that (1) internal proline induces thejuji 
genes, but only when accumulated to concentrations greater than the 
concentrations of the proline biosynthetic pool: and (2) high osmotic 
pressure does not effect the expression of the out genes but 
decreases their enzymatic activities. The genes responsible for 
proline accumulation in response to osmotic stress are oroP and 
proU. A mutation which suppresses a PutP" mutation would likely 
occur in one of these genes. One suppressor mutant was isolated and 
exibited proline transport at 50% of the rate of wild-type. This 
mutation did not. however, map to any of these three known prollne 
permeases. The interesting possibility of a cryptic gene being turned 
on may account for this mutant.
Introduction
Proline is unique among the amino acids. When degraded it 
can serve as a carbon nitrogen, or energy source and when 
Incorporated Into proteins Its unusual structure creates secondary 
structures. Proline also has a third role in bacterial physiology.
Under conditions of osmotic stress it can be accumulated to high 
levels within the cell to serve as an osmoprotectant (Csonka and 
Baich 1983).
In order to be used as a carbon, nitrogen, or energy source 
external proline must first be internalized and degraded. The 
proteins necessary for prollne utilization in Salmonella tvphimurium 
are encoded by the mu operon (Ratzkin and Roth 1978). The mil 
operon encodes a proline permease ( outP ), (Ratzkin and Roth 1978). 
and a bifunctional catabolic enzyme ( outA ) which degrades proline 
to glutamate (Menzel 1980). This operon is Induced by proline. 
Genetic evidence suggests that the outA protein also acts as a 
repressor of the operon in the absence of prollne.
Because prollne is necessary for protein biosynthesis and may 
be accumulated as an osmoprotectant. yet at the same time it Induces 
prollne degradation, a futile cycle is possible: prollne accumulated for 
one purpose may be degraded by the mil gene products. Since a 
futile cycle wastes energy, some mechanism must exist to prevent 
this futile cycle. Several possible mechanisms may account for the 
absence of this futile cycle. When PutA degrades protine, both FAD* 
and NAD* are reduced and the electrons are fed into the electron
transport chain (Menzel 1980). Thus. outA protein must associate 
with the membrane for enzymatic activity. The exact method of 
membrane association is not known. PutA may be coupled with PutP 
In such a way that only external proline transported through PutP 
would be degraded, in this way. internal proline required for 
protein biosynthesis and proline accumulated as a result of osmotic 
stress would not be degraded. In order to allow proline 
accumulation during osmotic stress, osmotic stress may also affect 
transcription of the put operon or reduce the activity of PutA. 
Finally, proline present within the cell may not be at a high enough 
concentration to Induce the operon.
Besides PutP two other proteins. ProP and ProU, are known to 
transport proline across the cell membrane in S. tvohlmurium and 
Escherichia coll. Although the ProP and ProU permeases can 
transport prollne they do not do so well enough to allow growth 
when proline is the sole carbon source in mutants with the null putP 
phenotype. There are known point mutations in putP which alter the 
substrate specificity of the permease iDlla and Maloy 1986). Thus, 
one would predict that similar mutations could occur in the oroP and 
oroU genes that may result In increased growth on proline as a sole 
nitrogen source in PutP- strain. By mutating a putP~ strain and 
selecting for increased growth on PSN plates (prollne as the sole 
nitrogen source) such mutations could be found. Analysis of these 
mutants may lead to a better understanding of how permeases 
recognize and transport their substrate
Materials and Methods
Bacterial strains. All strains used were derivatives of S* 
tvphlmurium LT2. The proline overproducing strains were obtained 
from L. Csonka. Department of Biology. Purdue University. The 
genotypes of these strains are listed in Table 1.
Media and growth conditions. Rich media (NB) consisted of 
nutrient broth (0.8 X Difco Laboratories. Detroit. Michigan) with NaCI 
(5 g/1). Three different minimal media were used: a medium with 
citrate as a carbon source and NH^ as the nitrogen source. E (Vogel 
and Bonner 1956). a medium with no carbon source and as the 
nitrogen source, NCE (Berkowltz et at 1968). and a medium with no 
carbon or nitrogen source. NON (Berkowltz et at (968). Carbon 
sources were added top these minimal media at the following 
concentrations: 0.6 X succinate. 0.2X prollne. and 0.2X glycyl-prollne. 
Green plates were used to Isolate phage free strains (Maloy 1989). 
When selecting for antibiotic resistance, antibiotics were added to 
rich media at the following concentrations: kanamycin (Kan) at 50 
g/ml, tetracycline MCI (Tet) at 25 g/ml and chloramphenicol (Cml) 
at 20 g/ml. Growth of cells in liquid media was followed using a 
Klett-Summerson colorimeter with a green filter.
Genetic techniques. All transductions were carried out using 
the high frequency transducing phage P22 HT105/int-201. Phage 
lysates were prepared as described by Maloy (1989). The recipient 
cells were grown up in NB overnight Cells and phage P22 were then 
mixed directly on selection plates at a multiplicity of infection of
TABLE 1. Salmonella tvph imur ium strains used.
LT2 wild-type
MS 183 putPl 023::MudJ
MS700 proP::Tnl0d(Cml)
MS749 proBA-47, leuD-798, argI-537, ara-9, fol-1 / 
F'128 proB+A+, argF+, UacI-Z)lacY+A+
MS750 proBA-47, leuD-798, argI-537, ara-9, fol-1 / 
F'128 proB76 proA+, argF+, (lacI-Z)lacY+A+
MS751 proBA-47, leuD-798, argI-537, ara-9, fol-1 /  
F’128 proB74 proA+, argF+, (lacI-Z)lacY+A+
MS778 proBA-47, leuD-798, argI-537, ara-9, fol-1 / 
F'128 proB+A+, argF+, lacZ:;TnlO
MS779 proBA-47, leuD-798, argI-337, ara-9, fol-1 / 
F'128 proB76 proA+, argF+, lacZ::TnlO
MS780 proBA-47, leuD-798, argI-537, ara-9, fol-1 /  
F'128 proB74 proA+, argF+, lacZ::TnlO
MS781 putP1023::MudJ /  F'128 proB+A+, arg+, lacZ::TnlO
MS782 putP1023;:MudJ / F'128 proB76 proA+, arg+, 
lacZ::TnlO
MS783 putP1023::MudJ /  F'128 proB74 proA+, arg+, 
lacZ::TnlO
MS 1202 put A1019::Mud A( lacZ::Tn 10 )
MSI 209 putP1024::MudJ
proU1655::Tnl0, proP1654, (putPA)552, zzc- 
628::Tn5
MS1996
approximately one plaque forming unit per cell (PFU/cell). 
Kanamycln resistance requires phenotypic
expression. Therefore, transductions were done on nonselective NB 
media and replica plated onto Kan plates five hours later. 
Transductants were cleaned up on green plates and then checked for 
lysogens by cross-streaking against phage H5. a clear plaque mutant 
of P22 (Maloy 1989).
Mutagenesis was done using the mutagen N-Methyl-AT -nitro- 
W-nltrosoguanldlne (MNG). An overnight culture of the strain to be 
mutagenlzed was diluted and spread on the indicated selection plate 
to give approximately 1000 colonies per plate. A few crystals of 
MNG were then placed in the center of the plate and the plate was 
incubated at 37’C. Colonies with the desired phenotype were then 
picked.
The F' facter was moved from the donor to the recipient by 
mixing a drop of an overnight culture of each strain directly onto the 
selection plate (Miller 1972). Controls were also placed on the same 
plate.
Radial streaks. Sensitivity to the toxic analogs 3.4- 
dehydroproline (DHP) and L-azetldlne-2-carboxyllc acid (AZT). was 
quantitated by measuring the zone of inhibition after radial 
streaking (Roth 1970) on NCE-Succinate plates that contained the 
indicated amounts of analogs added to a sterile filter disk placed in 
the center of the plate.
Growth curves. Growth of ceils in the appropriate media was 
followed using a Klett-Summerson colorimeter, with a green filter
Figure I. Structure of proline and proline analogs used
Prollne Azotldino-2- 
carboxylic acid
3.4-Oohydroprollna
Cells were Inoculated from an overnight culture In minimal media to 
yield an initial reading of 10-20 Klett units. Sterile media was used 
as the zero blank.
fl-aalactosidase assay, Cells were grown in the appropriate 
media to mid-log phase, centrifuged for 30 sec in a microfuge. and 
resuspended in an equal volume of 0.85 % NaCI. Triplicate 0.1 ml 
aliquots of the suspension were added to 0.9 ml complete Z-buffer 
(4.25 g Na2P04; 2.75 g Na2P04'H20; 0.375 g KCI: 0.125 g MgS04'7H20: 
500 ml dH20: pH7: 0.14 ml 0-mercaptoethanol/50 ml). Cells were 
then permeabilized by adding one drop 0.1 X SDS and two drops 
CHCI3 and vortexing. After equilibrating in a 30‘C incubator, the 
reaction was initiated by adding 0.2 ml 0NPG (80 mg O-nitrophenyl- 
0-D-galactoslde *• 20 ml dH20). The reactions were stopped by 
adding 0.5 ml 1 M Na2C03 after sufficient color had developed. The 
absorbance was read at 420 nm and 550 nm within one hour after 
stopping the assay. The concentration of the cells was determined be 
measuring the absorbance of the cell suspension at 650 nm. The 0- 
galactosidase activity was calculated using the following equation.
OD420 - ( I.75OD550) x l nmol x 1.7ml
Activity................. ............... ........ -........... ......
OD650 x time x vol x 0,0045 ml cm
time - time of reaction in minutes 
vol - volume of cells added (ml)
0.0045 OD42o/nmol - E42o o-nitrophenol
1.7 ml - total volume 
path length - 1 cm
In vitro orollne oxidase assay. The following solutions were 
first added to a clean test tube: 0.25 ml reaction buffer (0.19 g 
TrizmaHCl. 1.05 g Trizma base. 1.10 ml ethylene glycol. 0.25 ml 
Tween 20, 14.75 ml ddl^O). 0.20 ml 1 M filter sterilized proline, 0,02 
ml gelatin (20 mg/ml ddH20), 0.16 ml INT (160 mg p- 
lodonitrotetrazollum violet added to 50.0 ml boiling ddHaO. boiled 5 
min and filtered through Whatman #1 filter), and 0.37 ml ddHjO and 
5 M NaCI In ddHaO. The reaction was initiated by the addition of 5 
1 purified PutA protein and stopped after sufficient color had 
developed by adding 0.1 ml 2 N HCI. Absorbance at 520 nm was 
then measured. The In vitro proline oxidase activity was calculated 
using the following equation.
nmol INT reduced (OD520) (nmol.cm) (1.1 ml)
min x mg protein (11.5xl0-3ml) (min) (ml extract added) (mg 
prot/ml)
(OD52o)(95.6)
(ml extract addedMmg prot/ml)(mln)
Where:
E 520 I NT- 11.5x10-3 mol-1 cnrr‘ 
total volume - 1.1 ml 
min - time of reaction 
path length - 1.0 cm
In vivo orollne oxidase assay. Cells were grown in the 
appropriate media tomid-log phase (100-120 Klett units), washed 
twice in 0.1 M cacodylate buffer, resuspended in 3/5 volume 0.1 M 
cacodylate buffer, and put on ice until assayed. All assays were done 
in triplicate for each growth condition. Reactions were carried out in 
a 30'C shaking water bath in 25 ml Erlenmeyer flasks. To 
permeabllize the cells. 5 1 toluene was added directly to 0.5 mi cells 
in each flask and the cells were allowed to equilibrate for ten 
minutes before Initiating the reaction. The reaction was initiated by 
adding 1.0 ml reaction mix (50 mg o-aminobenzaldehyde dissolved 
in 95% ethanol + 48 ml 1 M filter sterilized proline). The reaction 
were stopped with 0.2 ml 10 X trichloroacetic acid (TCA) after 
sufficient yellow color had developed. The cells were pelleted in a 
microfuge. then the abrorbance was read at 443 nm vs a blank 
without cells. Cell concentration was determined by measuring the 
absorbance of the cell suspensions at 650 nm. In vivo proiine 
oxidase activity was calculate.! using the following equation.
nmol prollne oxidase (OD443H627 nmol/OD443/ml)
m i n x O D 650 (mln)(OD65o)(ml  c e l l s )
Where:
E443 ■ 2.71 mol-'cm-'ml 
path length - 1 cm 
total volume - 1.7 ml
Transport assays. Cells were grown up In NB overnight, 
subcultured Into 2 ml NCE ♦ succinate + prollne and grown overnight, 
then subcultured Into 10 ml NCE + succinate + prollne. and grown to 
mid-log phase. After chilling on Ice for ten minutes, the cells were 
washed twice by centrifuging 9 ml of cells for 10 min at 6000 rpm in 
an SS34 rotor at 4'C and resuspending In 9 ml ice cold NCE. After 
spinning a third time the cells were resuspended in 4.3 ml ice cold 
starvation buffer (18 I 20% dextrose, 1.0 ml 1 g/ml Cml. 19 ml 
NCE). transferred to a 25 ml Erlenmeyer flask covered with parafilm. 
and stored on Ice. Cells were starved for proline by removing the 
parafilm and swirling at 100 rpm at room temperature for 15 
minutes. The reactions were initiated by adding 0.2 ml cells to 0.2 
ml reaction mix (10 M prollne: 2.7 I 20% dextrose. 150. I 1 
g/ml Cml, 54 I 10 mM L-proline. 15 I L-|U-NC| prollne (250 
Ci/nmol), 2.7783 ml NCE). The reactions were stopped with 5 ml
stopping buffer (0.976 g MES. 0.6055 g Trls. 22.38 g KCI, brought to 
1000 ml final volume with ddHaO. adjusted to pH 7 with 
concentrated HCI. then 0.543 g HgCl2 was added). Time points used 
were 0 . 5 . 10. and 15 seconds, with each time point being taken In 
triplicate. Within 10 mln. the reaction mixtures were filtered 
through 0.45 m Satorius cellulose nitrate filters and washed with 5 
ml stopping buffer.
The quantity of labeled prollne transported into the cell was 
determined by counting each sample in a Beckman 9800 liquid 
scintillation counter using a full carbon window. Blosafe was used as 
the scintillation cocktail (5.0 ml/vial). Corrections were carried out 
to adjust for background 14C due to nonspecific binding of proline to 
the filter disks.
Kinetic manipulations were carried out using a Lotus 123 
program written by R. Myers.
The quantity of protein present in the assay was correlated to 
the number of Klett units (KID of the cell culture. This value, In mg 
protein per KU was then Included in the kinetic analysis.
The velocity of proline transport was calculated from the 
following equations.
CPM/specific activity of proline (nmol/DPM) - nmol prollne 
transported
nmol prollne transported/mg protein in assay - nmol prollne 
transported/mg protein
nmol transported/mg protein/time of assay - nmol /rnin/mg 
protein - initial velocity of prollne transport
Random Tn 10 map Dina. Mapping was done using a P22 phage 
pool grown on random TnlO Insertions in S. tvphlmurium LT2. This 
phage stock was transduced into the strain carrying the mutation to 
be mapped selecting for Tet resistance. The transductions were then 
screened for the desired phenotype (l.e. transduction to the parental 
phenotype prior to the mutation).
Results
Are PutA and PutP coupled? This question was approached by 
testing the ability of the dipeptide glycyl-proline to induce the put 
operon. External glycyl-proline is taken into the cell by a peptide 
permease, not proline permease. Once inside the cell this dipeptide 
is cleaved to yield free glycine and proiine. Thus, proline is 
effectively brought into the cell without requiring that it be 
transported through PutP. To test the ability of glycyl-proline to 
induce the put operon in vivo proline-oxidase assays were done on 
LT2 grown in E + succinate. E * succinate + proline, and E + succinate * 
glycyl-proline. The results of this assay (Table 2) indicate that 
internal proline derived from the degradation of glycyl-proline does 
Inducthe operon. However, it seemed possible that the induction was 
due to transport of glycyl-proline, cleavage into glycine and proline, 
excretion of proiine out of the cell, and then transport of proline back 
into the cell through PutP. This possibility was tested by repeating 
the experiment using MS1209. MS1209 has a putP::Mud I insertion 
mutation, so no proiine would be able to be transported into or out of 
the cel 1 through PutP. The out operon was induced to a higher level 
in the culture grown in the presence of glycyl-proline than in the 
culture grown in the presence of proiine (Table 2). Thus, proiine 
does not need to be transported through PutP in order to induce the 
operon.
Effects of osmotic stress on the activity and transcription of 
CJIL. To letc mine the effects of osmotic stress on Induction of the
TABLE 2. Induction of the cm  operon in wild-type and putP-Mudl 
strains by the dipeptide glycyl-proline.
Strain
Growth*
conditions
Proline oxidase6 
activity
LT2 succinate 1.31
LT2 succinate* proline 26.58
LT2 succinate+glycyl-proline 16.68
MSI 209 succinate 2.74
MS1209 succinate* proline 1 1.07
MS1209 succinate+glycyl-proline 15.62
* Cells were grown in E medium with the indicated carbon 
source as described in the Materials and Methods.
b Proline oxidase activity is expressed as nmol proline 
oxidized/( tnin)(OD65o)
put operon. I used strains which overproduce proline due to 
mutations in the oroBA genes (Csonka 1981). The overproduction of 
proline in these strains has been demonstrated to increase their 
tolerance to osmotic stress (Csonka 1981). Transcription of the nut 
operon was measured using a la£ operon fusion to the outP gene. In 
order to use the strains to study put regulation, the las, gene on the F' 
factors which carried the oroBA r. utatlons had to be mutated so that 
only (3-galactosidase transcribed from the out genes would be 
present. Phage was grown on MS1202 (lacZ::Tn 10) and the proline 
overproducing strains were transduced to Tet resistance to obtain a 
Tn 10 insertion in the lacZ gene of the F. The F’ was then mated into 
a putP::Mud I strain by mating the proBA mutants with MS183 
(putP::Mud I). Selection for successful matings was done on minimal 
Tet plates (Tet resistance selected against the recipient and minimal 
media selected against the auxotrophic donor).
Initially, the effects of osmotic stress were examined in the 
wild-type LT2 strain. Cells were grown in E + succinate in the 
presence or absence of proline and 0.65 M NaCI and assayed for 
proline oxidase activity. There was a marked decrease in proline 
oxidase activity for the cells grown In prollne and subjected to 
osmotic stress (Table 3). A problem encountered in these 
experiments was that cultures grew very slowly under conditions of 
high osmotic stress. When grown under these conditions it took 
considerably longer (about 3-4 times as long) for the cells to grow to 
100 Klett units.
TABLE 3 . Effect of osmetic stress on proline oxidase activity in 
LT2.
Growth conditions* Proline oxidase
Strain____ Carbon source__ 0.6  ^ M NaCl____ activity
LT2 succinate 2.713
LT2 succinate + 3.724
LT2 succinate + proline - 47.39
LT2 succinate + proline ♦ 32.19
a Cells were grown in E medium with the indicated carbon 
source as described in the Materials and Methods.
b Proline oxidase activity is expressed as nmol proline 
oxiaized/(min)(OD65o)
The same assay was repeated for each of the proline 
overproducing strains. MS749. MS750. and MS751. Each strain was 
grown in E * succinate under normal and high osmotic pressure 
conditions and reactions were run under normal osmotic pressure. 
LT2 cells grown in E ♦ succinate and E + succinate < proline were used 
as a control (Tablo 4). MS749 proline oxidase activity was the 
equivolent of uninduced LT2. When MS751 was grown in the 
absence of osmotic stress it had proline oxidase activity 50 % of that 
of fully induced LT2. For strains MS750 and MS751. the amount of 
activity was reduced by about 50 7. when the culture grown in high 
salt There was little change In activity for MS749. Increased 
osmotic pressure does have an effect on the level of degradation of 
proline in the assay conditions.
The observed effect of osmotic stress may be the result of 
either a decrease In enzyme activity or a decrease in the amount of 
enzyme present due to decreased transcription of the operon. The 
effect on enzyme activity was tested by growing all strains up under 
normal conditions, but altering the osmotic conditions in which 
proline oxidase was assayed. Reactions were run with no additional 
salt and with 0.65 M NaCI. As in the previous experiment, activity 
was reduced by about half in strains MS750 and MS751 In the 
presence of high salt (Table 5). The effect of osmotic pressure on the 
level of transcription was determined using the strains in which the 
ProBA mutation was moved into MS183 (outP::Mud 1). MS781,
MS782. MS783. By measuring fl-galactosldase activity, the level of 
transcription of the mil operon was determined when cells were
TABLE 4. Prollne oxidase activity for proline overproducing 
strains which were grown in the presence or absence of 
osmotic stress.
Strain
Growth conditions*
Carbon source Q.65 M NaCI
Proline oxidase15 
activity .
MS749 succinate - 1.46
MS749 succinate + 0.863
MS750 succinate - 6.56
MS750 succinate + 3.36
MS751 succinate - 8.36
MS751 succinate 4- 5.92
LT2 succinate - 1.31
LT2 succinate <■ proline - 18.94
* Cells were grown in E medium with the indicated carbon 
source as described in the Materials and Methods.
b Proline oxidase activity is expressed as nmol proline 
oxidlzed/(min)(OD6$o)
TABLE 5. Proline oxidase activity of proline overproducing strains
assayed under normal and osmotic stress conditions.
Growth® Assayc Proline oxidaseb
Strain Condition condition activity
MS749 succinate 3.21
MS749 succinate 4.85
MS750 succinate - 10.79
MS750 succinate f 3.69
MS751 succinate - 15.96
MS751 succinate f 7.12
LT2 succinate 4.54
LT2 succinate ♦ proiine 40.62
® Cells were grown in E medium with the indicated carbon
source as descrioed in the Materials and Methods
b Proline oxidase activity is expressed as nmol proline 
oxidized/(mln)(OD65o)
c + or - indicates with or without 0.65 M NaCl
grown in E + succinate with or without 0.65 M NaCI. MS183 grown in 
E < succinate with or without proline was used as a control. Reactions 
were run in normal osmotic conditions (Table 6). In each case there 
was no significant decrease in (3-galactosidase activity observed 
when the strains were grown in high osmotic pressure. The activity 
of MS781 was nearly identical of that of uninduced MS183. The 
level of transcription in MS783 was greater than that for MS 183 
grown In proline. This greater transcription in MS783 is not 
unexpected since MS183 does not have any functional PutP protein. 
Therefore the trancription of the operon is not seen to be 
significantly reduced by osmotic stress.
For definitive proof that osmotic stress effects the activity of 
the PutA enzyme, an In vitro proline oxidase assay was done on 
purified PutA. The reaction was carried out in the presence and 
absence of 0.65 M NaCI. Activity was reduced nearly six fold in the 
presence of NaCI (Table 7).
PutP suppressor mutations. A DUtP::Mudl strain. MS120Q. was 
used as the parent strain in searching for a PutP" suppressor 
mutation. A general mutagenesis with MNG, which causes point 
mutations, was done on this strain looking for increased growth on 
PSN plates. Following an extensive search, one PutP" suppressor 
mutation was Isolated. On PSN plates, this mutant shows 
intermediate growth between wild-type and the parent outP::Mud I 
strains. When proline exists as the sole carbon and nitrogen source 
(PCN). this mutant exhibits growth equal to that of wild-type
TABLE 6. Level of transcription of the jmi operon when cells are 
grown in the presence and absence of osmotic stress.
Strain
Growth conditions*
Carbon source 0.65 M NaCl
(3-galactosidase b
__ activity
MS781 succinate - 60.88
MS781 succinate f 59.50
MS782 succinate - 148.25
MS782 succinate 131.60
MS783 succinate - 209.15
MS733 succinate + 188.00
MS183 succinate - 56.10
MS 183 succinate + proline - 147.30
4 Ceils were grown in E medium with the indicated carbon 
source as described in the Materials and Methods.
b (3-galactosidase activity is expressed as nmol/min/OD^o
TABLE 7. In vitro proline oxidase activity of purified PutAa
protein in normal and high salt conditions.
Proline oxidaseb 
M NaCI____ activity
1367
235
a Purified PutA was obtained from C. Kent; 5 I of 50 g/l 
solution was used in the assay
b Proline oxidase activity is expressed as (nmol INT 
reduced)/(min x mg protein)
whereas the parent shows no growth at all. Growth curves of the 
wild-type, parent and mutant strains when grown in NCE *■ proline 
are shown in Figure 2. in older to use proline as a sole carbon 
source, proline must be transported into the cell. The proline 
analogs, azetidine and dehydroproline. are lethal when transported 
into the cell. The pjilE protein transports both analogs. In radial 
streak tests the mutant was found to be more sensitive to both DIIP 
and AZT than the parent PutP" strain. The mutant strain was more 
resistant to the analogs than wild type as measured by the zone of 
inhibition of growth (Table 8 ). Proline oxidase assays were done on 
each of these three strains in order to determine the level of 
induction of the jyjLl operon. Prollne oxidase activity was higher in 
the mutant strain than in the parent, but only about 50 % as high as 
the wild-type strain. In addition, the eui operon Is induced in the 
mutant strain (Table 9). Transport assays were done to further 
characterize the mutant phenotype. From the results of the proline 
oxidase assay it was expected that proline would be transported into 
the mutant cell at a rate between that of wild-type and the PutP" 
strains. The data in Table 10 shows that this is indeed the case: the 
mutant transports prolinc at 60% of wild type as compared to 25% 
for MS 1209.
Attempts to map the mutation have led to some interesting 
results. First, to establish that the mutant phenotype Is not simply 
the result of the loss of the MudJ from the outP gene. P22 was grown 
on the mutant and transduced into LT2, selecting for Kan resistance. 
The resulting transductants had the phenotype of the original parent.
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igure 2. Growth of the wild-type and mutant strains on proline as the sole carbon source.
■ LT2
♦ Mutant
■ MS1209
Tims (min)
pr sorTABLE 8. Sensitivity of wild-type, outP::Mudl and
mutant to the proline analogs.
Strain Analoe »
Zone of b 
inhibition
LT2 azetidine 23
MS1209 azetidine 0
mutant azetidine 14
LT2 dehydroproline 28
MS 1209 dehydroproline 0
mutant dehydroproline 10
a Amount of anaolog applied to filter disk: azetidine - 0.75 
dehydroproline - 0.6 mg
b Zone of inhibition measured in distance (mm) of inhibited 
growth from the analog
TABLE 9. Proline oxidase activity of wild-tyPe nutp..Mud, and
supressor mutant strains *
Strain
Proline oxidase6 
activity
LT2 10.57
MS1209 3.61
mutant 7.89
* Cells were grown in E medium with succinate and proline as 
described in the Materials and Methods.
b Proline oxidase activity is expressed as nmol proline 
oxidized/! min)(OD65o)
TABLE 10. Rate of proline transport into wild-type, outP-Mud f 
and supressor mutant strains *.
Rate ofb
Strain_________transport
LT2 2.893
MS 1209 0.730
mutant 1.471
* Cells were grown in NCE medium with succinate and proline 
as described in the Materials and Methods.
b Rate of transport expressed as nmol proline/min/mg protein
MS1209. indicating that the mutation was not linked to the £UL 
operon. It was expected that the PutP~ suppressor mutation may lie 
In either the prof or oroU gene. If this is true, a Tn 10 insertion in 
this gene would result in a loss of the mutant 
phenotype. Phage P22 grown on oroP and proll strains were 
transduced into the mutant selecting for antibiotic resistance (Cmi for 
putP::TnlOd(cml) and Tet for proU::TnlQ(tet)). The transductants 
were then screened for growth on proline as a sole carbon source. If 
the mutation allowing growth on this media occured in either of the 
the oroP or oroU genes, then the corresponding antibiotic resistant 
colonies would not be able to grow. However, in both cases all the 
antibiotic resistant transductants were able to grow. Therefore, the 
mutation is not in either the oroP or oroU gene.
Mapping the mutation on the chromosome would be facilitated 
by isolation of a linked TnlO Insertion. Therefore using a random 
TnlO pool, a TnlO insertion was Isolated which is approximately 10% 
linked to the mutation. However the exact location of the mutation 
on the chromosome has not yet been determined.
Discussion
In order to determine how S. tvphimurium avoids a futile 
cycle with prollne blosynttosis and uptake in response to osmotic 
stress and degradation. In vivo proline oxidase assays were done 
under varying conditions of osmotic pressure. One possible model 
would require that PutA. which is known to be associated with the 
membrane, is obligately coupled with PutP. In this way. only proline 
transported into the cell via PutP could be degraded. Proline 
synthesized internally or brought in through ProP or ProU . both 
known to be activated in response to osmotic stress (Csonka and 
Balch 1983). would thus avoid being degraded by PutA and no futile 
cycle would develop. This model would also suggest that proline 
itself is not the actual inducer of the operon. This possibility was 
tested using the dipeptide glycyi-proline. Glycyl-proline is 
transported into the cell by a dipeptide transport system then 
cleaved to yield internal glycine and prollne. I observed that the 
dipeptide glycyl-proline was capable of inducing the xuul operon. 
even in a outP::Mud J strain. This evidence strongly argues that 
Internal prollne is the actual inducer and that PutA and PutP are not 
obligately coupled. Thus, there must be then another mechanism by 
which a futile cycle is avoided.
Because protine degradation does not require proline transport 
through PutP. I was able to utilize prollne overproducing strains in 
order to determine the effects of osmotic stress on the jaui operon 
and specifically, prollne degradation. When subjected to osmotic
stress during growth, both LT2 and the proline overproducing strains 
exhibited a 30-50% decrease in proline oxidase activity However, 
the reduced activity was still greater than that of the uninduced wild 
type. This indicates that high osmotic pressure does not turn off 
expression of the mil operon. Activity is reduced, though, and this 
may partially account for the increased levels of internal proline 
observed for cells grown under osmotic stress (Csonka 1988). The 
decreased proline oxidase activity may be accounted for in one of 
two ways. The activity of the Put A enzyme may be reduced or 
transcription of the operon may be decreased. A decrease in prollne 
oxidase activity similar to that observed for cells grown under 
differing osmotic conditions was observed for cells assayed in 
various osmotic conditions but grown in identical conditions. By 
assaying 13-galactosidase activity from outP::lac fusions, it was 
observed that transcription was not significantly reduced when cells 
were grown in the presence of 0.65 M NaCI. Thus, osmotic stress 
appears to have no effect on regulation on the out genes. However, 
high salt concentration directly decreases the activity of proline 
oxidase, both in vivo and with purified PutA protein In vitro .
Proline oxidase activity was reduced nearly six-fold when 0.65 M 
NaCI was present In the reaction.
Prollne would have little effectiveness as an osmoprotectant if 
it were all degraded once Inside the cell. This problem is avoided by 
the reduction of Put A enzymatic activity in high salt conditions. No 
mechanisms appear to be present however to suppress transcription 
of the mu genes when prollne is being accumulated. Biosynthesis of
prollne most likely does not elevate proline concentrations to a high 
enough level to Induce the operon, so no futile cycle occurs.
Accumulation of proline under conditions of high osmotic stress 
involves two other permeases, encoded by the nroP and oroU genes 
(Csonka and Baich 1983). Although both the ProP and Proll 
permeases can transport proline, they are unable to transport 
sufficient proline to allow growth on proline as a sole carbon source 
(PCN). However, it seemed likely that a mutation in one of these 
genes might suppress a PutP' mutation. Such a mutation might 
either increase the affinity of either ProP or ProU for prollne or 
increase the transcription rate. Therefore, I mutagenlzed PutP 
mutants and screened for a PutP- suppressor mutation that could 
allow growth on PCN plates. One mutant was obtained which allowed 
the PutP mutant to grow on PCN plates. On these plates, a nutP::Mud I 
strain is not able to grow at all. The phenotype of this suppressor 
mutation was then characterized by testing sensitivity to proline 
analogs, testing induction of the operon using a proline oxidase assay 
and testing the rate at which proline is transported into the cell. In a 
PutP+ strain, cells are highly sensitive to the analogs because they 
are incorporated into protein causing the proteins :o be very 
unstable. Previously, substrate specificity mutations have been 
isolated in outP (Dila and Maloy 1986). These mutations result in 
resistance or super-sensitivity to one or both of the analogs. A 
outP::Mudl strain is resistant to both analogs. The Isolated PutP- 
suppressor mutation was found to be intermediately resistant to 
both DHP and AZT in radial streak tests (Table 8). Proline oxidase
activity of the mutant was shown to be nearly 80 % of the activity of 
fully induced wild-type. This indicates that proline is getting into 
the cell and inducing the aui operon. From the results of the proline 
oxidase study, it was predicted that proline was being transported 
into the mutant cell at a rate greater than that of the parent strain 
but less than that of LT2. This assumption proved to be true. 
Transport into the mutant strain was 50 % of that of LT2 and was 
two-fold higher than MS1209. the original outP::Mud I strain.
Next I tested to see if the suppressor mutant maps in either the 
oroP or proU gene. Surprisingly, it did not map to either of these 
genes. Had the mutation occurred in oroP. a loss of ability to grow on 
PCN plates would have been observed when a Tn lOd(Cml) insertion 
in oroP was transduced into the mutant. The same would have 
occurred for a Tn 10 Insertion in the proU gene transduced into the 
mutant. Because in neither case was a loss of mutant phenotype 
observed, the PutP" suppressor mutation must fall outside of the 
oroP and oroU genes. Nor Is the mutation linked to the out operon. 
Therefore, a mutation has occurred which allows S. tvphlmurium to 
transport proline Into the cell at a rate 50% of that of the wild-type 
and is not linked to any of the known proline permeases.
In an attempt to isolate this mutant gene, a TnlO insertion 
linked to the mutation has been isolated, but an exact map location is 
not yet known.
Summary
In order to determine how S. tvphimurlum avoids a futile cycle 
with proiine intake and degradation. I studied the possible coupling 
of PutA and PutP and the effects of osmotic stress on the activity and 
expression of the out gene products. The following conclusions were 
made:
(i) The activity of PutA is not dependent on coupling to PutP.
(ii) Transcription of the put operon Is not significantly reduced 
when cells are grown under osmotic stress.
(iii) The activity of PutA is reduced by osmotic stress. This 
reduction may allow ProP and ProU to increase 
intercellular proline concentrations with the proiine being 
degraded.
I also isolated a mutant which enabled S. tvphlmurium to grow 
on proiine as the sole carbon source when the primary proiine 
permease was interrupted by a MudJ insertion. This mutation did 
not map in the genes encoding any of the known proiine permeases.
It is possible that a cryptic proiine permease was turned on by this 
mutation.
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